The reactions of nucleon and polarized deuteron scattered off a heavy target at large impact parameter with intermediate energies have been investigated by using the improved quantum molecular dynamics model. It is found that, due to the difference effect of isovector potential on proton and neutron, there is a significant difference between the angle distribution of elastic scattering protons and neutrons. To overcome the lack of monochromatic neutron beam, the reaction of polarized deuteron peripherally scattered off the heavy target is used to replace the reaction of individual proton and neutron scattered off heavy target to study the isospin effect. It is found that the distributions of elastic scattering angle of proton and neutron originating from the breakup of deuteron are very similar to the results of the individual proton-and neutron-induced reaction. A new probe more effective and more clean, namely the difference between elastic scattering angle of proton and neutron originating from the breakup of polarized deuteron, is promoted to constrain the symmetry energy at subsaturation density.
I. INTRODUCTION
The equation of state (EOS) of isospin asymmetric nuclear matter is still a hot topic nowadays.
Especially, the symmetry energy which characterizes isospin dependence of EOS has received considerable attention in recent years, because of its importance not only to nuclear physics but also to many issues in astrophysics [1] , such as the properties of rare isotopes [2, 3] , the stability of superheavy nuclei [4] ,the dynamics of rare isotope reactions [5] [6] [7] , the structures, composition, and cooling of neutron stars [8] [9] [10] [11] [12] , and the mechanism of core-collapse and explosion of supernovae [13] [14] [15] , and so on.
Unfortunately, because of the well-known difficulties of treating accurately quantum manybody problems and our poor knowledge about the spin-isospin dependence of many-body forces, theoretical predictions for the density dependence of the symmetry energy (E sym (ρ)) of nuclear matter away from the saturation density show large uncertainties [1, 16] . Many efforts have been devoted to probe and constrain the E sym (ρ) by analyses of terrestrial experiments and astrophysical observations, such as neutron skin [17] [18] [19] [20] , nuclear mass [21] [22] [23] , nuclear charge radii [24] , the mass-radius relationship [24] , α decay [25] , giant dipole resonance and pygmy dipole resonance [26] [27] [28] , isospin diffusion [29] [30] [31] [32] [33] [34] [35] , isospin drift [36] , double neutron to proton ratio [37] [38] [39] [40] [41] [42] [43] [44] , light charged particle flow [45] [46] [47] [48] [49] [50] , π − /π + ratio [51] [52] [53] [54] [55] , K + /K 0 [56] [57] [58] [59] , and gravitational waves from merging neutron star binaries [60, 61] .
Although a general consensus on the constraints of E sym (ρ) at saturation and subsaturation densities [62, 63] has been obtained, there is a considerable uncertainty. Further constrain of E sym (ρ) at subsaturation is not only necessary for itself but also signifcant for the constrain of E sym (ρ) at suprasaturation densities. It is known that the so-called hadronic observables sensitive to E sym (ρ) at suprasaturation densities in heavy-ion collisions, π − /π + ratio for example, inevitably suffer from effects of the symmetry energy at low densities during the final-state of reaction. So it is quite important to verify the probed density region of probes. However, one only knows these probes are in general sensitive to the high-density or low-density behaviors of the symmetry energy at certain beam energies and impact parameters. Even some established views about the probes face challenge with the deepening of research. For example, some works show that π − /π + ratio, which is being regarded as one of probes sensitive to E sym (ρ) at suprasaturation densities, however probes E sym (ρ) around saturation density [64] .
The plight of study on symmetry energy is attributed to two reasons. One is the insufficiency of experimental data, the other is that the extraction of the E sym (ρ) from heavy ion collisions (HICs) relies unavoidably on the transport model simulations in the most cases. Although people have organized five international collaborations attempting to find out the origin of different predictions for the same experiments by various transport models and trying to reduce the model uncertainty [65, 66] , the hopes for thoroughly solving the problem is pretty slim for the foreseeable future. It is thus necessary to propose more symmetry-energy-sensitive probes, which are effective and free from transport model limitations.
So far, the existing symmetry-energy-sensitive probes are mostly based on HICs. Due to the complexity of HICs, considerable discrepancies in the model outputs lead constraints on the E sym (ρ) to be still on the qualitative level. While some types of the direct reaction, like the elastic or quasi-elastic scattering as well as the direct projectile breakup, involve less degrees of freedom in the reaction process and may reduce the difficulties in modeling the collision. The probes of these kind of reactions definitely reflect the information of E sym (ρ) at subsaturation densities because the system density is almost unchanged in the collision process. By properly selecting the range of the impact parameter, one can limit the probed density into narrower windows.
As shown in our previous work, due to the isovector potential, there is a significant difference in the scattering angle between proton and neutron elastically scattered off a heavy target at large impact parameter [67] . And the breakup of polarized deuteron induced on heavy ions provides a novel and more quantitative constraint to the symmetry energy below half of the saturation density. The correlation angle of the proton and neutron from a breakup of deuteron can be a good candidate of probe for E sym (ρ) at low density [68] . As a follow-up work, in this paper, we promote one more symmetry-energy-sensitive probe, namely the difference between elastic scattering angle of proton and neutron originating from the breakup of deuteron, to constrain the E sym (ρ) at low densities.
The paper is organized as follows. In Sec. II, we briefly introduce the model. In Sec. III, we present the isospin effect in nucleon-induced reactions and polarized deuteron breakup reactions.
Finally a brief summary is given in Sec. IV.
II. MODEL
The improved quantum molecular dynamics (ImQMD) model is an extended version of quantum molecular dynamics (QMD) model for the simulations of the heavy ion collisions at inter-mediate beam energies [67, [69] [70] [71] ]. The QMD model has been successfully applied in the study of heavy ion collisions at intermediate energies and also has been applied in the proton-induced collisions and provides consistent description to the experimental data if available [72] [73] [74] [75] [76] .
In the ImQMD model, each nucleon is described by a Gaussian wave packet,
here r i and p i are the center of the ith wave packet in the coordinate and momentum space, respectively, and σ r is the width of wave packet, which satisfy σ r · σ p = 2 . By making the Wigner transform on the wave function, the one-body phase space distribution function can be obtained, which read as,
The time evolution of r i and p i for each nucleon is determined by solving Hamiltonian equations
where
here, the kinetic energy T = i p 2 i 2m , U Coul is the Coulomb energy, and the nuclear local potential energy U loc = V loc [ρ(r)]dr, where V loc is the full Skyrme type potential energy density functional with just the spin-orbit term omitted, which reads
where ρ, ρ n and ρ p are the saturation density, neutron and proton densities, respectively, and the isospin asymmetry δ = (ρ n − ρ p )/(ρ n + ρ p ). All parameters in Eq. (5) can be derived from the standard Skyrme interaction parameters [67] . To mimic the strong variation of E sym (ρ) as well as keep the isoscale part of EOS unchanged, the volume symmetry potential energy term (corresponding to the last term in Eq. (5)) is replaced with the form of Then the symmetry energy is written as
where C s,k and C s,p are symmetry kinetic and potential energy parameter, respectively. The Skyrme parameter set MSL0 [18] , one of Skyrme parameter sets which best satisfy the current understanding of the physics of nuclear matter over a wide range of applications [77] , is used in this work.
By using various γ, one can get MSL0-like Skyrme interactions with various E sym (ρ). In figure 1 , the density dependence of symmetry energy with MSL0-like Skyrme interaction and γ =0.5, 1.0 and 2.0 adopted are presented. The boxes indicate the probed density windows of observable in this work, which is discussed in the following text. While the initialization of the heavy-ion is done as usual as that in [70] , the deuteron is semiclassically initialized in a simplified scheme as following. The neutron-to-proton direction is taken as the long symmetric axis (LSA). The initial distance between neutron and proton is set to 3 ± ∆r fm, where ∆r is a random value in range of 0-0.25 fm. The spatial and momentum coordinates perpendicular to LSA are set to zero. The direction of the momentum is initially set to be opposed for neutron and proton along LSA, and the initial magnitude of the momentum are sampled randomly to obtain a stable deuteron until 100 fm/c, namely the root mean square radius of deuteron keeps 2.1 ± 0.5 fm, where 2.1 fm is the experimental value for the root mean square radius of deuteron [78] . By rotating the LSA randomly or onto a certain direction, one can mimic the unpolarized or pre-oriented deuteron beam as initial state, respectively. For this simplification, the initial distance between the mass centers of projectile and the target is set to 25 fm, then the deuteron will soon enter the target potential field in 30 fm/c for reactions with beam energy of 100 MeV/u.
III. RESULTS AND DISCUSSIONS
In this section, we illustrate and discuss the dynamical isospin effects in nucleon-induced reactions and deuteron-induced reactions.
A. Isospin effects in nucleon-induced reactions
When a nucleon peripherally passes by a heavy target nuclei, as shown by the cartoon in figure   2 , the nucleon experience nuclear force, and Coulomb force F c for the proton. While the isoscalar nuclear force F s is attractive to both proton and neutron, the isovector force F v , is attractive to proton and repulsive to neutron at the subsaturation density environment. This dynamical isospin effect should make opposite effects on the elastic scattering angle of protons and neutrons, and leads to the disparity between the angular distributions of elastic scattering protons and neutrons for the same incident energy and initial geometry. This conjecture has already been verified in 
which are presented in figure 4 by corresponding curves. Then the locations of peaks of distribu- tion θ c and the width of distribution W as a function of γ, as shown in figure 5 , can be used to study bution of protons θ p c becomes smaller, which sensitivity to γ (from 0.5 to 2.0, similarly hereinafter) is about 25%; The location of peak of distribution of neutrons θ n c becomes larger, which sensitivity to γ is about 12%. With symmetry energy becomes stiffer, the width of distribution for both protons and neutrons becomes smaller, which sensitivities are about 35% and 22%, respectively. The sensitivities of these observables are close to those of existing observables with sensitivities about 20%. To get observable with higher sensitivity, the difference between the locations of peaks of distributions of protons and neutrons, namely ∆θ c = θ p c − θ n c , can be constructed. The γ dependence of ∆θ c is presented in figure 6 . One can see that, with symmetry energy turns stiffer, ∆θ c changes from positive to negative, the sensitivity of ∆θ c to γ is about 200%, which is more highly sensitive than existing observables. 
B. Isospin effects in deuteron-induced reactions
Since monochromatic neutron beam with high energy is hardly available, the experiment for neutron-induced reactions remains a difficult task. Thanks to the availability of polarized deuteron beam at hundreds MeV/u at various running accelerators around the world [79] [80] [81] [82] [83] , the deuteron, with one proton and one neutron bound loosely at large average separation distance, provides an alternative opportunity to execute "proton-neutron-induced" reactions by deuteron-induced reactions. If a deuteron breaks without collision when it peripherally passes by the heavy target nuclei, it provides such an mixed proton-neutron beam to probe the isospin effect. As shown by the cartoon in figure 7 , the two nucleons in the deuteron experience nuclear force and Coulomb force F c , the later of which is repulsive only for the proton. While the isoscalar nuclear force F s is attractive to both nucleons, the isovector force F v , is attractive to proton and repulsive to neutron.
Because of exchange symmetry of the wave function with exchange of n and p, as done in
Ref. [68] , the simulations is done by mimicking a fully tensor and vector polarized deuteron beam with 50% possibility for r np ∥ k and 50% possibility for − r np ∥ k, here r np is the relative vector from neutron to proton and k is the particle wave vector. In the following calculations, the LSA of deuteron is preorientated parallel to the beam axis. So one can use the difference between the scattering angle of proton and neutron (δθ = θ p − θ n ) from breakup of deuteron in each single event, but not the difference between the location of peak of distribution of protons and neutrons, to study the E sym (ρ). By this method, the influence from It is reasonable to assert that the upper limit of E sym (ρ) window is below 0.3ρ 0 , because the most of collisions with b = 6 fm (about 94%) are inelastic scattering due to the collisions with targets. 
IV. SUMMARY
Within the ImQMD model, proton-induced and neutron-induced reactions on heavy target with 100 MeV incident energies have been studied. It is found that, due to the isovector potential, there is a significant difference between the elastic scattering angle of proton and neutron in peripheral reactions. The difference between locations of peaks of distributions of protons or neutrons elastically scattering on heavy targets is very sensitive to density dependence of symmetry energy. To overcome the lack of monochromatic neutron beam, the polarized deuteron peripherally scattered off the heavy target nuclei have been investigated. It is found that the behaviors of angle distribution of elastica scattering protons and neutrons originating from the breakup of deuterons are quite similar to those in corresponding nucleon-induced reactions. So the polarized deuteron scattered off heavy target can be an alternative to the individual proton-and neutron-induced reaction.
In terms of the sensitivity and the cleanness, a new probe, namely the difference between elastic scattering angle of proton and neutron originating from the breakup of deuteron, is promoted to be a promising candidate to constraint the symmetry energy at subsaturation density.
